Transduction of the BMP and TGF-␤ signals results in the activation of target transcription factors, which is essential for differentiation and in vivo bone formation. SMAD proteins function as transducers of BMP/TGF-␤ signal in a variety of cell types [Xu and Massagué, 2004; Massagué et al., 2005] . There is mounting evidence that BMP signaling promotes multiple phenotypes through interaction of SMADs with other master transcription factors [Massagué et al., 2005] . The runt-related factor RUNX2 (Cbfa1/AML3) is critical for osteogenic lineage commitment and formation of the skeleton. Targeted disruption of Runx2 in mice results in the maturational ar- rest of osteoblasts and a complete lack of mineralized bone [Komori et al., 1997; Otto et al., 1997; Choi et al., 2001] . RUNX protein provides a platform for assembly of a multicomponent regulatory complex that controls both activation and repression of genes during cell fate determination and differentiation [Javed et al., , 2001 Gutierrez et al., 2002; Young et al., 2007] . The carboxy terminus of RUNX2 mediates interactions with a number of coregulatory proteins including SMADs [Zhang et al., 2000] . RUNX2-SMAD interaction is confined to a 41-amino acid Smad interacting domain (SMID) that overlaps with the nuclear matrix targeting signal (NMTS) [Afzal et al., 2005] . SMID suffices as an autonomous module that is both necessary and sufficient for interaction with SMADs. MAPK-mediated posttranslational modification of RUNX2 is an important component of the RUNX2-SMAD regulatory complex [Afzal et al., 2005] . The precise contact points for the RUNX2/SMAD physical association are yet to be established. Here we characterize a RUNX2 mutant that controls both formation of the RUNX2-SMAD complex and functional incorporation of the BMP2 osteogenic signal.
Materials and Methods

Cell Cultures
HeLa cells were cultured and maintained as previously described [Afzal et al., 2005] . Detailed description and morphological characteristics of the established Runx2 null cell line from calvarial tissue of 17.5-day-old Runx2 null mouse embryos was reported previously [Bae et al., 2006] . Cells were maintained in ␣ -MEM supplemented with 10% FBS and penicillin/streptomycin (100 g/ml) at 37 ° C in a humidified atmosphere of 5% CO 2 in air.
Plasmids and Adenoviral Constructs
The BMP2-and TGF-␤ -responsive flag-tagged receptor SMAD (Smad2 and 3) constructs and the 6xRunx-luciferase plasmid were reported previously [Afzal et al., 2005] . Expression constructs of hemagglutinin-tagged RUNX2, deletion ⌬ 391, H426A, T427A, Y428A and HTY were described earlier [Afzal et al., 2005; Javed et al., 2005; Zaidi et al., 2006; Javed et al., 2008] . Wild type (WT), point and deletion mutants of Runx2 adenoviruses were described previously [Afzal et al., 2005 , Javed et al., 2008 . The following MOI were used for various Runx2 adenoviruses to maintain an equal level of expression and low cytotoxicity in Runx2 null cells: WT, 50; HTY, 60; Y428A, 70; ⌬ 391, 37.
Transient Transfection, Immunprecipitation and Luciferase Assays
All transient transfections were performed using Superfect transfection reagent. For promoter reporter assays, HeLa cells were transfected with 0.5 g of Runx2 , receptor Smad expression vectors and TBRE-luciferase reporter. Transfected cells were cultured for an additional 18 h in the presence or absence of 100 ng/ ml of BMP2 or TGF-␤ (5 ng/ml). Cells were lysed and luciferase activity was determined. Coimmunoprecipitations were performed as previously described. Western blots were probed with RUNX2 and flag antibodies, visualized with appropriate horseradish peroxidase-conjugated secondary antibody and chemiluminescence as described earlier [Javed et al., 2008] .
Reconstitution Assays Runx2 null cell cultures at 70% confluence were infected with the Runx2 (WT, Y428A, HTY, ⌬ 391) or ␤ -galactosidase adenovirus in serum-free MEM medium. After 90 min, cells were washed in ␣ -MEM without serum followed by addition of complete ␣ -MEM. Cells were cultured in the presence or absence of BMP2 (100 ng/ml) for an additional 12 days. Two days after infection, cells were fed with osteogenic media every other day and subsequently harvested at indicated days for RNA or alkaline phosphatase (ALP) histology as described previously [Javed et al., 2008] .
Results and Discussion
RUNX2-SMAD Interaction Requires Specific Residues within the SMID/NMTS
We previously documented that the SMID in RUNX2 overlaps the well-characterized NMTS, which is required for organization of RUNX2 coregulatory protein complexes in unique subnuclear foci [Javed et al., 2000; Choi et al., 2001; Afzal et al., 2005] . From X-ray crystallography studies, this domain from 391 to 432 amino acids is structurally characterized by loop-turn-loop configuration [Tang et al., 1999] . The FTY and HTY residues form the tips of the interacting surfaces of loops 1 and 2, respectively, and are conserved among other family members and species ( fig. 1 a; data not shown). These amino acids along with residues in both the N-and C-terminal end of the SMID of RUNX2 were mutated to find the minimal requirements for interaction with SMAD proteins. Coimmunoprecipitation studies showed no changes in SMAD1 interaction with the triple mutations of FTY residues in loop 1, while the HTY mutation in loop 2 resulted in complete loss of interaction similar to the ⌬ 391 mutant which lacks SMID containing C terminus of Runx2 ( fig. 1 b) [Javed et al., 2008] . Expression levels of SMAD1 and mutant RUNX2 proteins are shown in input samples ( fig. 1 b) . Thus, the HTY motif in loop 2 of SMID is required for formation of the RUNX2-SMAD complex.
To further establish if the HTY residues represent the minimal contact point or if there are crucial amino acids within this motif for SMAD interaction, each of 3 residues of the HTY motif were mutated individually or in pairs. These results are summarized in figure 1 . Loss of the RUNX2-SMAD interaction is observed only when all 3 amino acids (HTY) are mutated together or SMID is deleted. We further found 1 70% loss of in situ colocalization of HTY mutant and SMAD (data not shown) [Javed et al., 2008] . Thus, the HTY mutation disrupts both biochemical and in situ association with receptor SMADs. These findings establish the HTY motif as a minimal contact point that is required for formation of the RUNX2-SMAD complex in response to BMP/TGF-␤ signaling.
Disruption of the RUNX2-SMAD Complex Impairs Integration of the BMP/TGF-␤ Signal Required for Commitment and Progression of Osteoblast Differentiation
We assessed the functional consequences of the disruption of the RUNX2-SMAD interaction by several criteria. RUNX2 transcriptional activation function was examined using a promoter that contains cis -elements for both Runx and Smad (3X-TBRE-Luc). BMP2 treatment resulted in 3-fold stimulation by WT but not with the HTY mutant ( fig. 2 a) . HTY mutation does not change DNA binding (data not shown) [Javed et al., 2008] , but selectively blocks integration of the BMP/TGF-␤ regulatory signal for promoter activity. To address if osteoblast differentiation is critically dependent on the RUNX2-SMAD molecular complex, we used a biological assay of reconstituted Runx2 null cells. In the absence of RUNX2, the null cells cannot be induced to the osteoblast lineage by BMP2 stimulation. Reintroduction of WT or Y428A RUNX2 restored the osteoblast phenotype with a progressive increase in ALP mRNA, which was further enhanced upon BMP2 stimulation ( fig. 2 b) . In contrast, cells reconstituted with either HTY or ⌬ 391 RUNX2 mutant did not show any ALP expression in the absence or presence of BMP2. Expression of other osteogenic marker genes (collagen type 1, osteopontin, bone sialoprotein and osteocalcin) in response to BMP2 was similarly lost (data not shown) [Javed et al., JBC 2008] . These data demonstrate that loss of RUNX2-SMAD interaction impairs capacity of BMP2 to promote osteogenic differentiation.
In summary, these findings suggest that formation of the RUNX2-SMAD regulatory complex is obligatory for activation of a gene network that drives osteoblast differentiation. Furthermore, our results establish RUNX2 as a molecular endpoint that is required for execution and completion of TGF-␤ /BMP2 signaling in osteoblasts.
